N-carbobenzyloxy-L-threonyl-L-methionyl-I-seryl-L-alanine methyl ester (I).
The stoichiometric reactions of a variety of "active-serine" proteolytic enzymes with acylimidazoles have been reported elsewhere.6-8 The reactions of subtilisin and of chymotrypsin with various acylimidazoles in every case parallel the reactions of a-chymotrypsin with cinnamoylimidazole (eq. 1) originally reported by Bender et al. 6' 7 o 0 R-C + EH kacylation R-C kdeacylation RCO2-+H+
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The rate of acylation of the enzyme can greatly exceed the rate of hydrolysis of the acyl-enzyme at lower pH values (pH < 5). At these pH's, the intermediate (II) can be prepared stoichiometrically from the enzyme plus acylimidazole. If the acyl group of the imidazole contains an intense chromophore (such as the cinnamoyl group), a spectrophotometric comparison of the acyl-enzyme with model compounds containing this acyl group can be made. For such purposes, we prefer the use of 3-(2-furylacryloyl)imidazole over cinnamoylimidazole, since the ultraviolet (UV) spectra of furylacryloyl derivatives does not seriously overlap with that due to the constituent tyrosine and tryptophan residues of enzyme proteins.
The reaction of 3-(2-furylacryloyl)imidazole (FAI) with small molecule derivatives of various potential acyl acceptors present in proteins has been studied, in a search for a model of the reaction of acylating agents with the active site of proteolytic enzymes.
Acylation of the Tetrapeptide (I) by FAI.-The reaction of FAI with the tetrapeptide (I) was found to be rapid (Fig. 1) . The UV spectrum of the resultant The solvent is 331/3% (v/v) CH3CN-0.01 M pyrophosphate buffer, at an apparent pH of 9.30 at 250C.
product is in correspondence with the spectrum of an 0-furylacryloyl serine peptide, as will be indicated below. The rapidity of the acyl transfer reaction prompted a study of the reaction of FAI with other threonyl-and seryl-containing peptides. We hence studied the rates of reaction of FAI with smaller model peptides, CbzSer-Met-Ala-OCH3, Cbz-Thr-Ser-OCH3, Cbz-Ser-Gly-OCH3, t-butyloxy-Met-Ala-OCH3, and Cbz-Ser-Met-OCH3. The rates of reaction of FAI with various hydroxylic compounds at one fixed pH are listed in Table 1 . In the pH range of these experiments, all rates are first Whatever the actual detailed mechanism of acyl transfer, the rate of transfer of acyl group from imidazole to alcoholic hydroxyl is a rapid process. The tetrapeptide (I) accepts the acyl group more rapidly than any hydroxylic compound thus far tested. That this rate is not solely the consequence of the acidity of the serine hydroxyl (as appears to be the case with p-nitrophenyl acetate'0) is indicated by the fact that hydroxylic compounds of comparable acidity (tris, glycerol) and of much greater acidity (phenol) react with specific rates (k2nd) which are considerably smaller (see Fig. 4 and discussion below). Acyl serine derivatives appear to be in a special class in regard to their rates of acylation by acylimidazoles.
Acylation of Subtilisin by FAI.-When acylation of subtilisin by FAI is carried out at low pH (pH--4), the resultant acyl-enzyme is relatively inert. If the acylenzyme is denatured at low pH," the furylacryloyl group remains chemically bound to the enzyme. Upon denaturation, there is a striking change in the spectrum of the furylacryloyl enzyme (Fig. 2) . If -Among the host of mechanisms proposed for the action of proteolytic enzymes are mechanisms involving an early acylation of an imidazole residue of histidine followed by subsequent transfer of the acyl group to the hydroxyl of a specific serine residue.12-"4
The chemical results presented herein substantiate the plausibility of such a transfer; since an intermolecular reaction between an acylimidazole and a serine hydroxyl has been shown to proceed at high velocity, it would not be surprising to find a still more rapid intramolecular acyl transfer. It should be noted, however, that the spectrum of the acyl-serine product in the model reaction corresponds exactly with the spectrum of the corresponding denatured acyl-enzyme or acylenzyme fragment, but not at all with the spectrum of the native acyl-enzyme.15
These results leave open the possibility that the occurrence of an 0-acyl-serine in denatured acyl-enzyme fragments3 is the result of an acyl transfer reaction following denaturation, and hence does not necessarily pertain to the chemical nature of any active native acyl-enzyme intermediate. Although these findings do not prove any such hypothesis, they do predict that such a transfer could be likely. The 0-furylacryloyl tetrapeptide product is a stable ester. The hydroxyl ion catalyzed hydrolysis of this ester is similar in rate to that reported for N,O diacetylserineamide. '7 We have attempted studies of the hydrolysis of this furylacryloyl ester in the presence of imidazole up to 3 M. Some rate enhancement has been observed in the presence of imidazole (free base) but the absolute rate enhancement is not very great.'8 Similarly, denatured 0-furylacryloyl subtilisin behaves as a stable ester, exhibiting only a very slow rate of imidazole catalyzed hydrolysis, and a hydroxyl ion catalyzed hydrolysis rate comparable to that of the above-mentioned peptide esters.
In many ways a model tetrapeptide is chemically analogous to the parent enzyme as an acyl acceptor, provided that an active specific acylating agent is employed as a model substrate. Acylation of the tetrapeptide leads, however, to a stable product ( 
